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Introduction
Inhaled drugs, including inhaled long-acting muscarinic antagonists (LAMAs), inhaled corticosteroids (ICSs), and inhaled long-acting β 2 -agonists (LABAs), are the principal therapeutic options for patients with chronic obstructive pulmonary disease (COPD). 1 Until recently, tiotropium (TIO) was the only LAMA available, and it remains the most commonly used LAMA. Currently, these three classes of drugs (TIO, ICS, and LABA) are frequently prescribed together as "triple therapy"; however, there is insufficient scientific evidence demonstrating the efficacy of this combination. Only a few rigorous systematic reviews 2, 3 supporting the efficacy of triple therapy, including improvements in the health status of the patient and reductions in the future risk of the patient, have been published. In addition, these reviews have limitations. Only a few clinical trials [4] [5] [6] [7] [8] [9] [10] have been conducted to investigate the benefits of triple therapy, and adverse outcomes, including death, are rarely reported in those studies. The assumption of normality, which may not hold for small studies, is necessary to construct confidence intervals, and continuity correction is required if there are zero events. Bayesian approaches to meta-analysis could overcome some of these issues. 11, 12 Moreover, Bayesian meta-analysis can provide a probabilistic interpretation of the treatment effect of interest and a probability of the effect being larger (or smaller) than a specific value. 12, 13 Bayesian meta-analysis can also be useful when evaluating whether the magnitude of efficacy is greater than the minimal clinically important difference (MCID).
14 Thus, we conducted a systematic review using Bayesian methods to compare the efficacy and safety of triple therapy and TIO monotherapy.
Methods
To conduct this review, we followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines 15 and the BayesWatch guidelines for reporting studies using Bayesian methods. 16 
Data search and selection criteria
We searched the MEDLINE, EMBASE, and Cochrane Library databases (search date: November 2, 2014). The search terms were "COPD" AND "LAMA" AND (["ICS" AND "LABA"] OR ICS/LABA) AND randomized protocol design. LAMAs included TIO, aclidinium, and glycopyrrolate. LABAs included salmeterol (SAL), formoterol (FOR), vilanterol, or indacaterol. ICSs included beclomethasone, budesonide (BUD), fluticasone propionate (FP), fluticasone furoate, triamcinolone, mometasone, and flunisolide. ICS/LABA combination drugs included FP/SAL, BUD/ FOR, and fluticasone furoate/vilanterol. Additional details on our search strategy are provided in the Supplementary materials.
The study selection criteria were as follows: 1) randomized controlled trials (RCTs); 2) studies with adults aged .18 years and diagnosed with COPD; 3) studies comparing triple therapy with nontriple therapy; 4) trials lasting at least 4 weeks; 5) studies reporting at least one of the following outcomes: mortality, annual rate of decline of the forced expiratory volume in the first second (FEV 1 
Data extraction and assessment of risk of bias
Two authors (CHL and MSK) independently reviewed the titles, abstracts, and citations of the studies. After screening potentially relevant studies, they independently evaluated full reports for the eligibility based on the study design, intervention, and outcomes. The authors of five studies with missing required data were contacted to obtain additional information on outcomes; two of these authors 4, 8 provided the desired information. In studies with missing standard deviations for changes from baseline in continuous variables, 4 we imputed standard deviations by calculating a correlation coefficient 17 from a study 8 for which we knew these details.
To assess the risk of bias of each study, the Cochrane risk of bias tool was applied. This assessment included the following: 1) the adequacy of sequence generation; 2) allocation concealment; 3) blinding of the participants, personnel, and outcome assessors; 4) incomplete outcome data; 5) selective outcome reporting; and 6) other biases. Any disagreements were resolved by discussion until a consensus was reached. 18 
Statistical analysis
We used Bayesian random effects models to compare the efficacy and safety of triple therapy and TIO monotherapy. In these models, an assumption of normality and continuity correction factors are not required because these methods are well suited to small studies and rare events. 19, 20 We estimated the relative risk (RR) for the binary outcome data or the mean difference (MD) for continuous variables using the posterior mean and corresponding 95% credible interval (CrI), which is the Bayesian equivalent of a confidence interval in classical analyses. We calculated posterior probabilities of the RR being larger or smaller than 1 (denoted P (RR .1) or P (RR ,1), respectively). We also calculated posterior probabilities of the MD being larger or smaller than 0 (denoted P (MD .0) and P (MD ,0), respectively). Additionally, we calculated Bayesian probabilities that the MD was greater than the MCID. The hypothesis of interest was supported if a posterior probability was greater than 0.9.
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Triple therapy in COPD Inverse-gamma distributions, normal distributions with a mean of zero and large variance, and uniform distributions were considered noninformative priors for parameters. We used Review Manager 5.3 (Cochrane Collaboration, Oxford, UK), R 3.1.2 and WinBUGS 1.4 (Medical Research Council, Cambridge, and Imperial College School of Medicine, UK) software for our analyses. Three chains were considered to detect convergence. In each chain, the first 10,000 iterations were discarded to remove the influence of the initial value, and sampling from 10,000 additional iterations was used to generate summary statistics such as the posterior mean and 95% CrI. For certain analyses, every 10th or 30th number was extracted from the 10,000 samples to remove autocorrelations as needed. Gelman and Rubin statistics, 21, 22 Monte Carlo error, and autocorrelation plots were used to establish convergence of the Markov Chain Monte Carlo method. We performed sensitivity analyses to assess the impact of using different prior distributions. If the posterior median rather than the posterior mean of the between-study standard deviation was greater than one, then heterogeneity of the effects across studies was considered to exist, as the posterior mean is likely to have a skewed distribution. Publication bias was not formally assessed because each analysis included fewer than ten studies.
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Results Figure 1 shows a flowchart describing our study selection process. Of 1,777 screened references, 39 studies were reviewed in further detail. Thirty-one of these studies were excluded for various reasons, including duplicate data, nonEnglish language, and a short study duration. Finally, seven studies with a total of 2,122 subjects (triple therapy, n=1,052; TIO only, n=1,070) were included in this meta-analysis. The characteristics of the included studies are presented in Table 1 . The duration of the studies ranged from 4 to 52 weeks, with most study durations ranging from 12 to 24 weeks. Four studies were sponsored by a pharmaceutical company. Most of the studies exhibited a low risk of bias according to the six bias assessment scores of the Cochrane Instrument. Figure 2 shows a graph and summary of the risk of bias assessment. Most of the studies were judged to have a low risk of bias for random sequence generation, incomplete outcome data, and selective reporting. However, evaluations of allocation concealment and blinding of the participants, personnel and outcome assessors were limited, and some of the RCTs were judged to have a high or unclear risk of bias for these parameters. 
Risk of bias within studies
Efficacy outcomes
In the three studies 4, 8, 10 that reported the number of deaths, no statistically significant difference in mortality was found between the triple therapy group and the TIO monotherapy group (RR, 1.46; 95% CrI, 0.13-5.17; P (RR ,1) =0.47).
None of the studies reported rates of lung function decline. Four trials 4, 6, 8, 10 reported the number of acute exacerbations in patients receiving triple therapy or TIO monotherapy. We found that triple therapy provided a nonsignificant benefit in reducing the incidence of acute exacerbations However, the magnitude of this improvement was less than the MCID (100-140 mL) 24 (P [MD .100 mL] =0.002). The three studies 4, 8, 10 evaluating the SGRQ score reported a significant improvement in the mean change from baseline in patients receiving triple therapy, with a difference of -3.11 points (95% CrI, -6.00 to -0.80; P [MD ,0 points] =0.99). However, the magnitude of this change was not over the MCID (-4.0) 25 (P [MD ,-4.0 points] =0.18) ( Table 2 and Figure 3 ).
Safety outcomes (adverse events)
Patients receiving triple therapy did not experience significantly more adverse events than patients receiving monotherapy (RR, 1.12; 95% CrI, 0.87-1.40; P [RR .1] =0.84). The total number of SAEs was significantly lower in the triple therapy group (RR, 0.62; 95% CrI, 0.17-1.25; P [RR ,1] =0.93) than in the TIO monotherapy group. The risk of pneumonia was not significantly higher in the triple therapy group than in the TIO monotherapy group (RR, 1.07; 95% CrI, 0.05-4.28; P [RR .1] =0.27). The incidence of oral candidiasis was not significantly higher in the triple therapy group (RR, 3.63; 95% CrI, 0.46-12.82; P [RR .1] =0.88) ( Table 3) .
The posterior median of the between-study standard deviation in our meta-analysis was smaller than one, indicating a lack of heterogeneity. We did not find evidence against convergence, and we did not see any substantial differences. However, the CrI and probability changed slightly by changing the specifications of the prior distribution.
Discussion
The goals of treating patients with COPD include improving the health status of the patient (lung function, quality of life, and exercise capacity) and decreasing future risks of acute exacerbation, lung function decline, and death.
1 TIO is known to improve the quality of life and lung function of patients with COPD, 26 reduce the likelihood of experiencing acute exacerbation, [26] [27] [28] delay declines in lung function in patients with stage II disease, 29 and possibly decrease mortality. 30 ICS and LABAs are commonly used in combination in a single device (ICS/LABA). Large clinical trials showed that ICS/LABA combinations, including FP/SAL and BUD/FOR, improve the quality of life and lung function of patients with COPD, [31] [32] [33] [34] reduce the incidence of acute exacerbation, [31] [32] [33] [34] slow declines in lung function, 35 and possibly reduce mortality. 31 However, the efficacy and safety of triple therapy combining TIO and ICS/LABA have rarely been comprehensively investigated, especially in the context of accomplishing these treatment goals. As mentioned in the Introduction, a classical meta-analysis may not be adequate to evaluate the benefits of triple therapy. Because only a few clinical trials 4-10 were conducted and rare events were included, the assumption of normality may not hold for the analysis. Therefore, we used Bayesian approaches to reduce some of these problems. 11, 12 Moreover, Bayesian meta-analysis can also be useful when evaluating whether the magnitude of efficacy is greater than the MCID 14 by using posterior probabilities. 12, 13 In our systematic review, we found limited evidence indicating that triple therapy can reduce future risks. Although we used Bayesian methods to analyze the incidence of rare events, we did not find that triple therapy reduced mortality to a greater extent than TIO monotherapy. None of the studies in our review investigated declines in lung function as an outcome. Additionally, we did not find that triple therapy significantly reduced the incidence of acute exacerbation (P [RR ,1] =0.84). Welte et al 10 reported that triple therapy produced a reduction in the incidence of acute exacerbation; however, this effect was not significantly different from that found by other studies in our meta-analysis 
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Kwak et al (no heterogeneity found). One interpretation of these findings is that the BUD/FOR combination is more efficacious than the FP/SAL combination; alternatively, these findings could be explained by the short duration of the trial (only 12 weeks). The mitigation in acute exacerbation could be observed only for a short duration. The three other trials 4, 6, 8 lasted at least 24 weeks.
The present results indicate that triple therapy improves the health status of patients with COPD; however, the improvements achieved were lower in magnitude than the 
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Triple therapy in COPD MCID. All of the trials investigating lung function reported significant improvements in the prebronchodilator FEV 1 ; however, the increase in FEV 1 was lower in magnitude than the MCID (100 mL) (P [MD .100 mL] =0.002). 24 Triple therapy also improved SGRQ scores; however, the magnitude of improvement was lower than the MCID 25 (P [MD ,-4.0 points {MCID}] =0.18). Thus, triple therapy can marginally improve the prebronchodilator FEV 1 and SGRQ scores of patients with COPD.
There are several possible explanations for the marginal difference in efficacy between triple therapy and TIO monotherapy. First, even though we used Bayesian methods, we were able to identify only a few trials, which could suggest the existence of bias. Second, the definition of acute exacerbation varied between trials. Third, TIO monotherapy is known to be efficacious; therefore, a ceiling effect may exist, and combining TIO with other inhaled drugs may not confer additional or synergistic effects. TIO is considered to be the most effective bronchodilator. TIO is superior to most LABAs in reducing the incidence of acute exacerbation, 36, 37 including indacaterol, a new LABA. 38 TIO is also superior or at least equivalent to LABAs in improving the FEV 1 and SGRQ scores. Certain studies have reported that indacaterol is superior to TIO in improving the FEV 1 ; 39 however, this finding was not confirmed in a large-scale trial or in the trial sponsored by the manufacturer of indacaterol. 38 Furthermore, no studies using indacaterol were included in our systematic review because they lacked a triple therapy group. In fact, TIO monotherapy has been shown to be as effective as TIO + LABA dual therapy. Several RCTs 4, 40 and a metaanalysis 41 showed no significant differences in the incidence of acute exacerbation in patients receiving TIO monotherapy and patients receiving a combination of TIO and LABAs. Although TIO + LABA dual therapy has been reported to be superior to TIO monotherapy in improving the FEV 1 and SGRQ scores, 41 the MDs encountered in our analysis were lower than the MCID.
We found no clear evidence that triple therapy is significantly more efficacious in improving the health status of the patient and reducing future risks; however, triple therapy was also not associated with an increased incidence of adverse events. The total number of adverse events was nonsignificantly higher in the ICS/LABA + TIO group than in the TIO monotherapy group. However, significantly fewer SAEs occurred in the triple therapy group than in the TIO monotherapy group. Pneumonia, a critical possible adverse event in patients using ICS, 31, 42, 43 was not found to occur more often in any particular group in this systematic review. Additionally, patients in the triple therapy group were not significantly more likely to experience oral candidiasis.
Our study has several strengths. First, the Bayesian methods we used are more appropriate for analyzing rare events and for assessing a small number of studies. Second, we could evaluate whether the effect of interest was greater than the MCID because Bayesian meta-analysis can provide a probability that the effect is larger (or smaller) than a specific value, which was overlooked in previous meta-analyses. 12 We also acknowledge the limitations of our systematic review. First of all, studies have different study durations, which could lead to biased results. Inclusion of COPD patients with wide-range severity might also be a weak point, because mortality, lung function decline, and exacerbation can be affected by FEV 1 of patients. [44] [45] [46] We initially intended to compare triple therapy and dual therapies; however, it was impossible to do so because no common outcomes were described in the available studies. We also attempted to include studies evaluating new ICSs, LABAs, and LAMAs; however, no studies compared these therapies with triple therapy. Additionally, we were not always able to obtain more detailed clinical information when contacting authors by email.
Conclusion
In conclusion, our systematic review using Bayesian metaanalysis showed that triple therapy with TIO and ICS/LABA was more efficacious than TIO monotherapy. However, the increase in efficacy was marginal, and the clinical relevance of the improvement was unclear. The International Journal of COPD is an international, peer-reviewed journal of therapeutics and pharmacology focusing on concise rapid reporting of clinical studies and reviews in COPD. Special focus is given to the pathophysiological processes underlying the disease, intervention programs, patient focused education, and self management protocols.
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